T HE QUANTITATIVE ASPECTS of oxygen supply to tissues were clearly defined by Krogh (I, 2) , who related the rate of diffusion of gases to the diffusion distance as expressed by the number of capillaries in the cross section of muscle. Numerous later studies on capillary distribution have confirmed Krogh's general contention that the capillary density is adequate for an ample oxygen supply to the tissues. The justification for publishing additional data on capillary density seems to us to be that no careful study has been made to follow up Krogh's preliminary finding that the capillary density in small animals is higher than in large animals, an observation which Krogh related to the higher metabolic rate of the small animal. In a recent study of the oxygen dissociation curve of mammals (3) we found a statistically significant relation to body size. In general, the oxygen dissociation curve of the blood of sm .a11 animals is located to the right of that of larger animals, permitting the unloading of oxygen at a higher tension. In our discussion of this finding we suggested that the diffusion gradient from the capillaries to the tissues depends on two factors: a) capillary density and b) unloading tension for oxygen. In our calculations of oxygen diffusion we needed data on capillary density, and found that no extensive comparative work had been made since Krogh' A study by Paff (5) showed the same relationship between capillary density and body size, but again only three species were examined: rat, guinea. pig and cat. This investigation also pointed out that there are considerable variations in capillary counts from one muscle to another in the same species, an observation amply confirmed by other investigators, such as Martin et OZ. (6) for the dog and Stoel (7) and Duyff and Bouman (8) for the rabbit.
The latter reference, in particular, gives information on the variations in different muscles of the same animal. The number of capillaries per muscle fiber appears to be different in'red' and 'white' muscles (g), the red muscles usually having a higher number of capillaries per muscle fiber. However, the functional differences between red and white muscle remain somewhat obscure, and the extensive literature on the subject need not be reviewed here, except to point out that the size of both types of fiber varies greatly, a fact that is important to keep in mind when evaluating capillary numbers relative to the fiber counts.
Since (4), rat m g uinea pig (4), rabbit (4), cat (4), dog (4, sheep (4)I Pis (2), cow (4). The size of these animals varies over a range of approximately I : I 00,000. Muscles examined. The muscles chosen for investigation were the gastrocnemius and the masseter. The choice was dictated by a number of considerations. It is probably impossible to find any muscle that is used in a similar way in all mammals, and in particular the muscles of locomotion can be expected to be developed quite differently. Hence, we chose the masseter, although it is fully realized that feeding habits and the movements of the jaws are dissimilar in different species. However, this muscle was chosen because it is not in any way related to locomotion or posture. The gastrocnemius was chosen as a major muscle of locomotion, partly because it is easy to isolate and inject well, and partly because many previous investigations have used this muscle so that our results could better be compared to those of others. Injection technique. In our work the injections were made after the animal had been killed. The injection mass was undiluted Higgin's India ink with 5 gm of gelatin added per IOO ml. A plastic cannula was tied into an artery of suitable caliber and blood was washed out with saline warmed to 37*C. Ink was then injected until the outflow of the vein appeared to be mainly ink. The vein was clamped and the injection continued until the skin overlying the muscle appeared to be evenly injected. The vein was then released, the cannula removed, and excess ink allowed to drain from the muscle. This was done in order to avoid, as far as possible, volume changes in the muscle. The animals, or parts of them, were then refrigerated overnight to set the gelatin of the injection mass. Histology and shrinkage. All ordinary histological tech-. niques produce some shrinkage, but since we were interested in the capillary density in fresh tissues, we tried to establish, as far as possible, the shrinkage during preparation of the histological sections. Our technique was the same as that used by I-I&roux and St. Pierre (I 0). The injected muscle, or pieces of suitable size, were fixed in I o % formalin for 5-6 hours. A slice, 2-3 mm thick, cut at right angles to the fiber direction, was taken from the central region of each specimen. The outlines of the upper and lower surfaces of each slice were traced with the aid of a photographic enlarger. The pieces were then returned to formalin for another [18] [19] [20] hours. The tracings were later used to calculate tissue shrinkage and muscle areas. After dehydration the tissue was imbedded in low-melting paraffin (50*-52 "C). Sections were cut at 1.0~ and counterstained with eosin. Each section was projected through the same photographic enlarger as used before and the outline traced for establishing the shrinkage factor (ratio of initial to final area) .3
Areas used for capillary and fiber counts. In the masse ter, capillaries and fibers were counted on both the lateral and the medial aspect of the muscle. The structure of this muscle is relatively uniform, and it seems reasonably justified to m .
.ake comparisons between species. Coun ts on the gastrocnem ius involves much greater difficulties because in most animals this muscle consists of varying proportions of red and white fibers. The morphological and functional differences between these fibers have been much discussed, but the issue remains unclear.
Almost a century ago Ranvier showed that red fibers are slower to contract and not as easily fatigued as white fibers. Currently, it is generally agreed that the red muscles are low-threshold motor units used for postural refl .exes based on a local spinal reflex mechanism for each muscle, while the requirement for speed is fulfilled by the white muscles (I 2). Thus, differences between various species, whether or not they are predators, whether wild or domesticated, etc., can be expected to be of considerable magnitude. This is important, for there seems to be a consistently higher number of capillaries in the red muscle. Another difficulty in comparing various species is that the difference between the two types of muscle is not always clear. In man, most muscles contain both types of fiber, and in many animals color is not a good indication of whether the muscle is fast or types of fiber, which is that they are not vascularized to t,he same extent. In general, the red muscles contain a higher number of capillaries per muscle fiber, whereas the white fib ers contain approximately one capillary per fiber. Red fibers have therefore also been called 2 : I ratio fibers, and white fibers have been called I : I ratio fibers.
In all species capillary counts were made on the gastrocnemius in two places: a) the inner mass of the lateral head and b) the dorsal aspect, roughly opposite the lateral head. In the rat these areas contained predominantly red and white fibers, respectively.
When the same areas were studied in other animals it was found that the distribution of fibers was different.
In those animals where both types of fibers occurred they were counted wherever they were found. In some animals only one kind of fiber was found in spite of a careful search for the other type. In the guinea pig, the white fibers were found near the top of the medial head. In addition to the locations mentioned above, in rabbit, cat, dog, sheep, pig and cattle counts were made on the medial head, on the outer mass of the lateral head, and at various points in the dorsal region.
Counting of capillaries andfibers. The section was scanned to insure that uniformly injected bundles of fibers were selected for counting.
The following measurements were made: r) number of fibers in the bundle, 2) number of capillaries in the bundle, and 3) number of squares of the eyepiece micrometer covering the bundle. 
RESULTS
The results of our capillary counts on the masseter and gastrocnemius muscles from IO different species of mammals are condensed in tables I and 2.
On the basis of the number of capillaries per muscle fiber the masseter can be classified as red muscle in all the examined species, except in the cat, where the capillary-to-fiber ratio was exceptionally low (table I ) . This exception, however, makes little difference in the general picture, which as expected shows the highest number of capillaries in the smallest animal, the bat, With increasing body size there is a significant decrease in capillary counts through the mouse to the rat. However, with a further increase in body size the trend is uncertain.
The counts on the gastrocnemius (table 2) are more difficult to evaluate because of the variable proportion of red and white fibers in this muscle. One conclusion is immediately apparent from the table: there is no consistent relationship between the body size of the animal and the proportion of red and white fibers in the gastrocnemius. The number of capillaries per square millimeter cross section of the muscle shows again that the smallest animals do indeed have more capillaries than larger ones. Of the five species that have red fibers, the smallest, the mouse, has a much higher capillary count than any of the others. The count decreases with increasing size through rat, guinea pig and rabbit, but the trend is reversed in the dog. The nine species that have white fibers in the gastrocnemius show a clear drop in capillary count with increasing size from bat, through mouse to rat, but from then on the counts remain almost constant. We have thus established that among the IO species of mammals that we have examined there is a significant relationship between capillary density and body size in the very small animals, but that this trend is unclear, if at all present, among larger mammals.
Since the number of capillaries per muscle fiber is rather constant, this situation can also be expressed in an entirely different way, namely that except for the very small mammals there is little difference in the diameter of the muscle fiber in mammals of widely different body sizes.
DISCUSSION
Our results indicate that although the very small mammals tend to have a high capillary density, the relationship between capillary count and body size is not as consistent as has been generally assumed. When Krogh, in his monograph on the anatomy and physiology of capillaries (4), published the results of capillary counts in muscle from the horse, dog and guinea pig, he suggested that the capillary counts in mice should be even higher than in the guinea pig. This is amply borne out by our results. Krogh, however, was cautious in expressing his opinion about a general rule, and he made a strong plea for further studies in quantitative anatomy. Our results certainly substantiate the need for accurate results from a relatively large number of species before general conclusions are drawn.
(As an example, if we were to choose the sheep, rabbit and cat as three species for examination, table I indicates that we would find the highest capillary counts in the largest animal.) Since the capillary density, or the average distance between capillaries, has been used for calculations of the supply of oxygen to tissues and the diffusion geometry, it seems desirable to discuss these relationships in some detail. It has been established by numerous investigators and in a large number of animals that the oxygen consumption of the tissues increases with decreasing body size. The relationship is very regular, with relatively small species deviations.
On the other hand, the species variations in the use of a particular muscle seems to be so great that the general metabolic trend is not unequivocally reflected in capillary density. One reason is the different types of muscle, and it is possible that a muscle such as the diaphragm would be better suited for such investigations.
Furthermore, environmental factors may also cause variations that give a greater apparent variability than would otherwise be found. Thus, capillary count is increased by training and exercise ( I 3), by exposure to cold (I o) and by altitude (I 4, I 5). Another complication is that two muscles with the same capillary count in a cross section do not necessarily have the same number of capillaries per unit mass. If one of the muscles has capillaries that are twice as long as the other, the number of capillaries per unit mass will be one-half.
This has an important bearing on the flow rate for the blood and its transit time in the capillary. In fact, since metabolic rate (per unit mass) decreases with increasing body weight, and the capillary counts were found to be rather constant over a wide range of body size (except in the smallest animals), it follows that either the capillary length or the flow rate (or both) must vary. An important factor in the diffusion geometry is the difference in the capillary supply to red and white muscles. Because of its cylindrical shape, each muscle fiber tends the capilla to be in contact ries generally a with six of its neighbors, and ppear at the corners of the hexagon.
In the white muscle (capillary:fiber ratio = I), only three of the six corners are occupied by capillaries, whereas in the red muscles (capillary: fiber ratio = z), all six corners are occupied. In the white muscle, therefore, the arrangement approaches a cylindrical diffusion geometry, but in the red muscles with a 2 : I ratio, the arrangement is so different and deviates so much from the cylindrical geometry that one cannot help speculate on a possible functional significance.
In this connection two factors should be considered. It has frequently been assumed that capillary circulation is arrested during the contraction of the muscle (I 6), and since the contraction time is larger in the large animal the time of circulatory arrest is also longer. The other factor is that muscles of larger animals tend to contain higher amounts of cytochrome oxidase and myoglobin (I 7, I 8) . These complications make it virtually impossible to calculate the true diffusion geometry in a muscle at work, and since the capillary count, if at all related to oxygen requirement, should be geared to the maximum demands for oxygen, a detailed evaluation of capillary density seems impossible at the present time. 
